Men working with zirconium compounds at one site in the North of England have been monitored since 1975 to evaluate effects on the lung of exposure (mainly <10mg/m 3 ) over many years. Chest radiographs (in 1975, 1978, and 1982) and lung function measurements (from 1975-1988) were carried out on all men (178) known to have worked with the compounds and an estimate of cumulative exposure was computed from job title and likely exposures in each era. No evidence was found that zirconium exposure resulted in abnormal chest radiographs or impaired pulmonary function.
INTRODUCTION
Zirconium occurs primarily as the mineral zircon (ZrSiO 4 ) and baddeleyite (Z1O2) and makes up about 0.22% of the earth's crust. A wide range of industrial applications for zirconium compounds exists, but the most established uses are in foundry sands, refractories, and ceramics.' The metal itself is used primarily in the atomic energy industry because of its high degree of resistance to heat and corrosion.
Reports of possible pathological effects from zirconium include cases of axillary granulomas in humans exposed to underarm deodorants containing sodium zirconium lactate. 2 ' 3 These reports led to the hypothesis that pulmonary granulomas might develop following exposure to zirconium compounds via the respiratory route.
Subsequent human studies have shown a wide range of outcomes. A study of 32 hand finishers of zirconium metal exposed to 5.75-14.7 mg/m 3 of dust containing 25% zirconium, showed no significant effects on chest radiographs, lung function tests, or respiratory symptoms. 1 McCallum and Leathart 4 
investigated a group
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of 49 workers employed in the processing of zircon sand and found that inhalation of zirconium silicate produced the radiological changes of pneumoconiosis, with no effect on ventilatory function. A case study 5 of an optical lens grinder exposed to zirconium oxide reported pneumoconiosis, deterioration in lung function, and pulmonary fibrosis. However, there was no evidence of pulmonary granulomas in any of the groups of workers studied. Parkes 6 concludes, from review of clinical, epidemiological and animal evidence, that prolonged exposure to zirconium dust may give rise to a 'benign' pneumoconiosis but that evidence of granulomatous or fibrotic lung disease is not consistent.
In the light of concerns about pulmonary effects of zirconium, this study was undertaken to examine the effects on chest radiographs and lung function tests of exposure to zirconium compounds, principally zirconium silicate, over many years.
METHODS
In May 1975 a study of male employees was set up at Magnesium Elektron Limited (MEL), Manchester, England. The target population was all men identified by the safety adviser as exposed, on a day to day basis, to zirconium compounds. The medical department believes that all men exposed to zirconium compounds participated in the study, but it has not been possible to verify this. Men who continued in employment were re-examined in 1978 and 1982, and men who joined the company subsequent to 1975 and who took up work with exposure were also examined at these later dates.
A total of 178 men participated in the study. Of these 144 entered in 1975, 24 in 1978, and a further 10 in 1982. The mean age of the 144 men joining the study in 1975 was 37.6 years (range= 17-61). They had, on average, been employed by MEL for 10.0 years (range=0-38) with 58.0% having worked for the company for less than 10 years, 21.7% for 11-20 years, 16.1% for 21-30 years, and 4.2% for more than 30 years. The 34 men who joined after 1975 had a mean age at joining of 27.2 years and a mean duration of employment of 5.2 years at the end of the study.
Occupational and medical history
The occupational physician interviewed each man to obtain a general medical history, work history, summary of current symptoms and smoking habits. Specific attention was paid to eliciting information on exposure to dusts in any job prior to joining MEL.
Chest radiographs
The first set of chest radiographs was taken in 1975, with subsequent radiographs in 1978 and 1982. At least one chest radiograph was obtained from each man within the study period, although not all men had a radiograph on each occasion. All were full sized PA portable radiographs taken at the MEL site in Manchester. For the present report films were read independently in randomized order by three experienced readers following the ILO guidelines 7 for classification of radiographs for pneumoconiosis. A subset of films from men who had not been exposed to zirconium compounds was also included in the reading exercise, so that the panel could not presume that all films originated from exposed workers. Readers had no information on degree or duration of exposure. The median rating of the three readers was taken in each case. Side by side readings were also made of films from the same individual in temporal order for those men who had more than one radiograph.
A subset of 60 films was also re-read by the three readers independently after the main reading. The median reading was identical for 54 of these re-read films; for these ILO categories were 0/0 or 0/1 in fifty cases, 1/0 in one case, and there were three of unsatisfactory technical quality. For the six films not given the same category on re-reading, a further two films were given no score because they were judged to be of unsatisfactory technical quality at one reading, and the other four films had different median classifications on the first and second readings; two were read as 0/0 or 0/1 on both occasions, one reading changed from 1/0 to 0/1, and one reading changed from 1/0 to 1/1.
Lung function tests
FEVi and FVC measurements were carried out at the medical centre at MEL at regular intervals throughout the study period. Measurements were recorded for 168 out of the 178 employees, and results on two or more occasions obtained for 136 (76.4%) men. A wedge bellows spirometer was used (Vitalograph, Buckingham, UK) and measurements were supervised by either the occupational physician or nurse. Workers were asked to perform three forced expirations, and the best result was recorded.
All measurements were taken with the operative standing. The measurements were expressed as a percentage of expected values, adjusted for height and age, using the standard prediction nomogram 8 in use at the beginning of the study. The FEVi/FVC ratio was also calculated for each result.
Assessment of dust exposure
Few historic data were available on the dustiness of the work site. In 1974 personal sampling had been carried out for seven different operators with total dust (8 hour time weighted average) ranging from 2. For the present study company medical and personnel records were used to identify specific job titles and work locations within the plant. A list of 34 jobs/ locations was drawn up and two company safety advisers, one currently employed and one retired, were asked to assess the dustiness of each job. Consideration was given to any change in process which had altered dust levels for the workforce over the period of employment. A scale for total dust was constructed consisting of four categories (0-3): no dust (probably less than lmg/m 3 ,) low dust (probably 1-2.5 mg/m 3 ), medium dust (probably 2.5 to 10 mg/m 3 ), and high dust (probably greater than 10 mg/m 3 ). The number of years spent in each job was multiplied by the score on the dust scale and a cumulative dust exposure score calculated for each man. At the start of the study 51.1% were in low dust jobs, 44.8% in medium dust jobs, and 4.1% in high dust jobs. The mean cumulative exposure (years x dust level) was 12.9 'dust years' at the start and 22.3 at the end of the study.
Previous dust exposure
The likelihood of exposure to dust in previous employment was assessed, blind to outcome, by an R. L Marcus era/.: Exposure to zirconium compounds 111 experienced occupational hygienist, who gave scores to jobs identified on the work history. Pre-employment dust exposure was assessed as none, low or potentially important.
Of the 178 men, 144 (80.9%) had codable information on prior occupational exposure to dust. Substantial dust exposure was found for 52 men who had been in jobs such as coal mining, foundry work, and cotton milling.
Statistical methods
Cumulative exposures were calculated to the date of the last chest radiograph and last lung function for each worker. ILO readings were converted to a numeric scale (0/0=0; 0/1 = 1; 3/3=9) and Spearman rank correlations computed with cumulative and prior dust exposures. Analyses of variance and multiple regression were used to investigate the relationship between lung function and exposure.
RESULTS

Chest radiographs
The last available chest radiograph was considered to be of acceptable technical quality for 167 of the 178 men. Of these, 163 were used in the analysis; three were pre-exposure radiographs and one film was unavailable for reading.
The median ILO classification was greater than 0/1 for three (of 163) films. The mean cumulative exposure to last radiograph of these three men was 18.67 (SD=16.26) compared with 16.79 (SD =12.84) for those with 0/0 or 0/1 (i=1.60, p=0.41). The Spearman rank correlation between zirconium exposure and ILO classification was 0.08 (p=0.28).
The study was set up with particular concern for the appearance of pulmonary granulomas. No granuloma was seen but a calcified nodule was read in the films of 12/175 (6.9%) men exposed to zirconium compounds prior to their final chest radiograph. No correlation was found between the presence of nodules on chest radiographs and duration of exposure to zirconium compounds (R=0.04, p=0.61), cumulative dust exposure (i?=0.05, p=0.53), or age (R=0.ll, p=0.14).
On the 'side by side' reading of radiographs in the 69 men who had two or more films no progression or regression was found in the median ratings; only one reader from the panel noted a progression in one man (from 0/0-0/1) and regressions in films from two men (each from 0/1-0/0).
Lung function
For each man, first and last lung function measurements within the study period were identified. Ten subjects had no lung function test, and four had no exposure to zirconium prior to their last available test, leaving 164 men available for inclusion in the analysis.
Information on dust exposure in previous jobs was available for 140 of the men with lung function scores. Of these 135 had acceptable chest radiographs when read bjrthe panel. Dust exposure in previous jobs did not relate to first FEV! or FVC (Table 1) but did relate to first FEVi/FVC ratio which decreased, from 0.79-0.73, with increasing prior dust exposure. Chest radiograph readings were also related to previous dust exposure. All 38 films for those with no history of dusty jobs were classed as 0/0 or 0/1 but this reading was recorded for only 46/48 with low prior exposure and 45/49 with substantial prior exposure.
Inspection of results of the last lung function test available (Table 2) suggested no trend between grouped cumulative exposure and any of the measures of lung function. Analyses of variance for FEVi,FVC, and FEVi/FVC ratio with cumulative zirconium exposure category showed no significant effect of exposure.
Smoking data were available for 159 out of the 164 men. In an analysis of variance, also shown in Table  2 , both FEVi and FVC were significantly related to smoking and lung function, but there was no interaction between smoking and zirconium exposure either for FEV, (F=1.62,p=0.19) or for FVC results (F=0.32, p=0.81). No relation was found between FEV./FVC The most recent lung function test results were examined in a regression analysis with cumulative zirconium exposure as a continuous scale, adjusted for binary factors reflecting prior dust exposure, radiographic reading and cigarette smoking (Table 3) . Cigarette smoking and prior dust exposure were both predictive of FEVi, and prior dust of FEVi/FVC ratio, but cumulative exposure showed no relation to any of these measures of lung function.
DISCUSSION
The study was set up to determine whether exposure to low levels of dust from zirconium compounds was related to radiographic changes or pulmonary function tests. No evidence was found of pulmonary granulomas or of a relation between cumulative exposure to dust and ILO classification of radiographs, presence of calcified nodules or lung function. The results presented do not support either non-specific pulmonary function changes or specific radiological findings attributable to zirconium exposure in this population.
It may be asked whether the failure to demonstrate an effect results from misclassification of exposure. Although assessment of dust levels was to a large degree based on judgement rather than actual measurements, such data as were available suggested, that the categories of exposure were correctly ranked; while misclassification might have reduced any relationship between exposure and outcome, it is unlikely to have obscured it completely. Inspection of the data in Table 2 , for example, does not give even a slight suggestion of trend. It is also possible that no effect was seen because those with radiological changes or poor lung function chose to leave employment. In order to assess this, the FEVi of 20 men who were present in 1975 but had left by 1982 was compared with those still in employment at that time. Leavers were significantly (p<0.05) older (50.6 years) than stayers (40.6 years), but even after adjustment for age FEVi was slightly less good in leavers (p=0.07). Two of those who had left had evidence of radiological changes, but in both there was a substantial history of prior exposure to dust (coal mining or talc) before employment at the company. This review of leavers did not suggest that the absence of an effect of zirconium exposure was importantly influenced by a differential retention of R. L Marcus e( a/.: Exposure to zirconium compounds 113 healthier workers.
Exposures were similar to those reported by Hadjimichael and Brubaker 1 who found no effect. McCallum and Leathart 4 did not report intensity of exposure in 12 men with radiological changes after 6-26 years of exposure, mainly to zirconium silicate and oxide dusts. The present study did include workers with sufficiently long duration (37/178 exposed for more than 20 years) to detect frequently occurring chronic effects and no such effect has been found. However, it must be recognized that the limited population would be unlikely to detect a rare event.
